Infected macrophages in spinal cords of mice persistently infected with Theiler's murine encephalomyelitis virus (TMEV) undergo apoptosis, resulting in restricted virus yields, as do infected macrophages in culture. Apoptosis of murine macrophages in culture occurs via the intrinsic pathway later in infection (>10 h postinfection [p.i.]) after maximal virus titers (150 to 200 PFU/ cell) have been reached, with loss of most infectious virus (<5 PFU/cell) by 20 to 24 h p.i. Here, we show that BeAn virus RNA replication, translation, polyprotein processing into final protein products, and assembly of protomers and pentamers in infected M1-D macrophages did not differ from those processes in TMEV-infected BHK-21 cells, which undergo necroptosis. However, the initial difference from BHK-21 cell infection was seen at 10 to 12 h p.i., where virions from the 160S peak in sucrose gradients had incompletely processed VP0 (compared to that in infected BHK-21 cells). Thereafter, there was a gradual loss of the 160S virion peak in sucrose gradients, with replacement by a 216S peak that was observed to contain pentamers among lipid debris in negatively stained grids by electron microscopy. After infection or incubation of purified virions with activated caspase-3 in vitro, 13-and 17-kDa capsid peptide fragments were observed and were predicted by algorithms to contain cleavage sites within proteins by cysteine-dependent aspartate-directed proteases. These findings suggest that caspase cleavage of sites in exposed capsid loops of assembled virions occurs contemporaneously with the onset and progression of apoptosis later in the infection.
L
ow-neurovirulence Theiler's murine encephalomyelitis viruses (TMEV) establish a persistent central nervous system (CNS) infection in susceptible strains of mice, resulting in cytolytic death of oligodendrocytes and subsequent immune-mediated damage to myelin with myelin breakdown (1) (2) (3) (4) . Autoreactive CD4 ϩ Th1 T lymphocytes specific for myelin protein epitopes are detected in TMEV-infected mice Ͼ1 month after onset of demyelination, suggesting that there is autoimmune damage to myelin at later times postinfection (p.i.) (5) (6) (7) . Macrophages in spinal cords of TMEV-infected mice (8) are a major reservoir of the persistent infection, and in culture they undergo apoptosis late in the infectious cycle, restricting virus yields as demonstrated in infected macrophages in culture (9, 10) . This restriction in virus titers is significantly relieved by qVD-OPh, a pancaspase inhibitor present in infected cultures (10) . During persistence, a 10 5 :1 ratio of virus RNA copies to PFU likely reflects restricted infectious virus yields in CNS macrophages and neutralization of infectious virus by virus-specific antibodies. Not only may apoptosis may be responsible for downregulating virus replication as a prerequisite for persistence, but infected cytoplasmic apoptotic blebs may enable virus spread of this lytic virus in the presence of host antivirus adaptive immune responses.
TMEV has been shown to selectively induce apoptosis in murine macrophages in vitro (9, 10) , unlike the case for infection of other somatic cells such as BHK-21 cells, which undergo programmed necrosis or necroptosis (11) . TMEV-induced apoptosis occurs via the intrinsic pathway, initiated by activation of MKKK3/6 and p38 mitogen-activated protein kinase (MAPK) and leading to phosphorylation and activation of p53 and, in turn, upregulation of expression of the proapoptotic BH3-only proteins Noxa and Puma, which bind BH multidomain antiapoptotic pro-teins Mcl-1 and A1 (12) . This interaction alters the conformation of prosurvival proteins, e.g., Mcl-1, resulting in the release of the BH multidomain proapoptotic proteins Bak and Bax (12) , which are known to form homo-oligomers and translocate into and permeabilize the mitochondrial outer membrane, releasing cytochrome c to activate the caspase cascade.
To determine the mechanism for restricted virus yields in BeAn virus-infected murine M1-D macrophages undergoing apoptosis (10), we examined virus RNA replication, translation, polyprotein processing into final gene products, and assembly of protomers and pentamers but detected no appreciable changes in these early steps in the virus life cycle, consistent with exponential virus growth kinetics until 10 to 12 h p.i. (10) . However, our results indicate that 160S virions in which VP0 was incompletely cleaved were disassembled into protomer-like structures later in infection (Ն10 h p.i.). The evidence suggests that predicted Asp sites in VP1 exposed on the virion surface were cleaved by caspases after onset of apoptosis in murine macrophages in association with loss of virus yields.
MATERIALS AND METHODS

Cells and viruses. BHK-21 cells were grown in Dulbecco modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 7.5% tryptose phosphate, 2 mM L-glutamine, 100 U of penicillin/ml, and 100 g of streptomycin/ml at 37°C in 5% CO 2 . Cells of the immature myelomonocytic cell line M1, derived from the SL mouse strain, were induced to differentiate into macrophages with supernatants from mouse L929 fibroblasts and mouse P388D1 macrophages as described previously (13) . The origin and passage history of the BeAn virus stock have been reported previously (14) . Virus titers of clarified lysates of infected cells were determined by standard plaque assay in BHK-21 cells (14) .
Virus infection. After virus adsorption at a multiplicity of infection (MOI) of 10 for 45 min at 24°C, cell monolayers were washed twice with phosphate-buffered saline (PBS) (pH 7.2) containing 1 mM CaCl 2 and 0.5 mM MgCl 2 , followed by incubation for the designated times in DMEM containing 1% FBS at 37°C. The end of the adsorption period was designated time zero.
Radiolabeling of virus proteins. BHK-21 and M1-D cell monolayers in 60-mm 2 dishes were infected with TMEV strains and incubated for 3.5 h at 37°C in a 5% CO 2 atmosphere. Medium was removed, and monolayers were washed with and further incubated for 2 h in medium deficient in methionine and cysteine before treatment with 30 Ci [ 35 S]methionine or [
3 H]leucine for 1 h. After two washes with PBS, cell lysates were disrupted in 0.4 ml of lysis buffer (20 mM Tris [pH 7.6], 1% NP-40, 150 mM NaCl, 2 mM EDTA, and 10% glycerol) and centrifuged at 10,000 ϫ g in an Eppendorf microcentrifuge for 10 min at 4°C, and supernatants were retrieved.
Immunoprecipitation. Sucrose gradient fractions or unfractionated cell lysates were incubated with 5 l rabbit polyclonal anti-BeAn antibody overnight at 4°C before treatment with 30 l of a suspension of protein A/G for 2 h at 4°C with shaking. After centrifugation for 5 min, pellets were washed and resuspended in 50 l of reducing sample buffer (1.4 M 2-mercaptoethanol, 4.6% sodium dodecyl sulfate [SDS] , 125 mM Tris [pH 6.8], and 20% glycerol) and boiled for 3 min. Aliquots were quantitated for radioactivity in a Beckman LS5000TD scintillation counter and analyzed by SDS-PAGE (12% gel) followed by autoradiography.
Virus purification. Virus was purified as described previously with modifications (15) . Following virus adsorption, infected cell monolayers (100-mm dishes) were incubated in maintenance medium for 4 h at 37°C, washed twice with DMEM deficient in methionine and cysteine, and incubated in the same medium for 60 min at 37°C before addition of 20 to 30 Ci of [ 35 S]methionine per ml. Infection was allowed to progress to complete cytopathic effect (CPE). HEPES and MgCl 2 were added to cells and supernatant to concentrations of 25 mM and 20 mM, respectively, while bovine pancreatic DNase I (Sigma Chemical) was added to a concentration of 10 g/ml, and the lysate was incubated for 30 min at 24°C. NaCl was added to 0.5 M and polyethylene glycol 8000 (PEG 8000) to 10% (wt/vol) to the lysate, and the mixture was stirred for 2 h at 4°C and centrifuged in a Beckman HB-6 rotor at 10,000 ϫ g for 30 min at 4°C. After resuspension of the pellet in high-salt TNE buffer (hsTNE) (20 mM Tris-HCl [pH 7.6], 0.5 M NaCl, and 2 mM EDTA containing 1% bovine serum albumin [BSA]), 0.1% 2-mercaptoethanol (2ME), and 1% (wt/vol) Sarkosyl were added. The supernatant was layered over a 0.5-ml 30% sucrose cushion in 20 mM Tris-HCl (pH 7.6)-1.0 M NaCl-2 mM EDTA (pH 8.0)-1% BSA and centrifuged in an SW55 Ti rotor at 45,000 rpm for 90 min at 15°C. The pellet was resuspended in 0.5 ml of hsTNE containing 0.1% 2ME, layered onto a 20 to 70% sucrose gradient in hsTNE, and centrifuged in an SW41 rotor at 35,000 rpm for 3 h at 10°C. Gradients were fractionated from the top into 0.5-or 0.25-ml aliquots, and radioactivity was measured in a Beckman LS5000TD scintillation counter. For further purification, pelleted virus from peak sucrose gradient fractions was resuspended in PBS containing 0.1% BSA, mixed with an aqueous solution of CsCl to give a final density of 1.33 g/ml, and centrifuged at 45,000 rpm in an SW50.1 rotor for 20 h at 6°C as described previously (16) .
Estimation of the ratio of physical particles to infectious virus. The ratio of physical particles to infectious particles for sucrose gradient-purified virus was estimated based on the virus RNA concentration determined from the optical density at 260 nm (OD 260 ) using a Beckman spectrophotometer and on the number of PFU determined by standard plaque assay. The number of physical particles was calculated assuming that 1 mg of picornavirus RNA is equivalent to 7.2 ϫ 10 13 virus genomes and to an equivalent number of virus particles (17) .
Immunoblot analysis and SDS-PAGE. Virus protein samples were analyzed by SDS-PAGE on 12% bis-Tris 7-cm or 14% Tris-glycine 12.5-cm gels, transferred to nitrocellulose membranes that were blocked with Tris-buffered saline containing 3% nonfat dry milk and 0.02% Tween 20, and incubated with rabbit polyclonal anti-BeAn antibodies overnight and then with 1:2,000 goat anti-rabbit-horseradish peroxidase (HRP) as the secondary antibody for 2 h as described previously (10) . Mass spectrometry. Peptides generated from in-gel digestion were analyzed by nanoflow liquid chromatography-tandem mass spectrometry (LC-MS/MS) using an Agilent Chip Cube (model G4240A) attached to the front of a Thermo Scientific LTQ Orbitrap Velos Pro mass spectrometer. Peptide enrichment and elution were performed using a large-capacity peptide chip.
EM. For negative-staining and transmission electron microscopy (EM), sections were cut at a 100-nm thickness, placed on Formvar-coated 200-mesh copper grids, stained further with uranyl acetate and lead citrate, and viewed under a JEOL model 1220 microscope (Tokyo, Japan) at 80 kV and with magnifications of ϫ1,000 to ϫ150,000. Images were documented with a Gatan multiscan camera model 794.
PyMOL graphics. The PyMOL Molecular Graphics System, version 1.6 (Schrodinger, LLC), was used to generate molecular models of pentamers and virions from the downloaded BeAn file (1TMF) from the Research Collaboratory for Structural Bioinformatics Protein Data Bank and inserted into the PyMOL molecular graphic system set on surface mode (18) . The image was set to the CMYK color space and rendered to maximum quality using the ray function.
Statistical analysis. The paired Student t test was used to compare groups. Differences were considered significant at a P value of Ͻ0.05.
RESULTS
Apoptosis does not perturb early steps in the BeAn virus life cycle. A comparison of BeAn virus infection in M1-D cells, which
undergo apoptosis resulting in restricted virus yields (10, 19) , and BHK-21 cells, which undergo necroptosis with high virus yields (11) , is provided in Fig. 1 . At an MOI of 10, the temporal courses of cell death in both infections were similar (Fig. 1A) ; however, virus yields per cell at 20 h p.i. were strikingly different: ϳ400 PFU/cell in BHK-21 cells and Ͻ10 PFU/cell in M1-D cells (Fig.  1B) . Virus RNA replication, virus translation, and polyprotein processing into final protein products in both infections were similar ( Fig. 1C to F) . The onset of apoptosis in infected M1-D cells determined from cleavage of caspase-3 to its active form began at 8 to 10 h p.i. (Fig. 1G ), while caspase-3 activation was not observed in infected BHK-21 cells (not shown).
Fractions of infected M1-D and BHK-21 cells labeled with 35 [S]methionine and run in different sucrose gradients showed similar protomer (5S) and pentamer (14S) profiles in the cells undergoing different types of cell death ( Fig. 2A ) or when labeled with 35 [S]Met and 3 [H]Leu and run in the same gradient (Fig. 2B ). SDS-PAGE analysis of gradient fractions from the protomer peaks from infections of both cell lines revealed the presence of the cap- (Fig. 2C) . Overall, a perturbation of capsid proteins by caspases early in infection in M1-D cells was not reflected in the assembly of protomers or pentamers. Thus, the contrast of BeAn virus infections in the two cell types indicates that the induction of apoptosis in M1-D cells did not affect the early steps in the virus life cycle.
Apoptotic cell death leads to formation of a mature virion peak and a faster-sedimenting peak in sucrose gradients. Since virus assembly intermediates in infected M1-D cells were not affected earlier in the infection, virions assembled at 10 to 12 h p.i. were analyzed. Examination of 35 [S]Met-labeled BeAn virus from infected BHK-21 cells harvested at 12 and 24 h p.i. and centrifuged in 20 to 70% sucrose gradients revealed a similar 160S virion peak in fractions 10 to 14 of gradients (Fig. 3A) . SDS-PAGE analysis of peak fractions revealed the expected capsid protein species (Fig.  3B) . In contrast, preliminary experiments with 35 [S]Met-labeled virus in M1-D cells revealed two radioactive peaks in sucrose gradients fractionated into 24 aliquots. A more detailed analysis provided by 50 fractions revealed a 160S virion peak at 10, 11, 12, and 16 h p.i. (fractions 20 to 26) that decreased in prominence over time p.i.
A second, faster-sedimenting peak in fractions 7 to 11 was first seen at 11 h p.i. and became increasingly prominent at 12, 16, and 24 h p.i. (Fig. 3D to G, arrows) . The ratio between the two peaks changed over time p.i., with equivalence observed at 16 h, while only the faster-sedimenting peak with an apparent S value of 216 was observed at 24 h p.i. (Fig. 3G and H) . The position of this second peak was highly reproducible, although it contained protomer-like structures aggregated with lipid debris (see below). SDS-PAGE analysis of the 160S virion peak from M1-D cells at 12 h p.i. and the faster-sedimenting peak at 24 h p.i. revealed a different capsid protein profile than seen for BHK-21 cells; i.e., in both peaks, VP0 was incompletely cleaved into VP2 and VP4 (Fig.  3I) . Figure 3J enables a comparison of the cleavage of VP0 in the same gel. This result suggests that even at 12 h p.i., VP0 in M1-D cells remained relatively incompletely cleaved in assembled virions compared to the infection in BHK-21 cells.
BeAn virus particles are disassembled into pentamers. EM of negatively stained 160S peak fractions in sucrose gradients from M1-D cells revealed numerous spherical 28-m virions and some empty particles typical of picornaviruses (Fig. 4A) . The virion diameter in the sucrose gradient was 28.22 Ϯ 0.98 nm (Fig. 4D) . A similar virion profile was seen when BeAn virus grown in BHK-21 cells was purified in sucrose gradients and centrifuged to equilibrium (1.34 g/ml) in CsCl 2 gradients (Fig. 4B) . The virion diameter was 27.88 Ϯ 1.05 nm (Fig. 4D) . In contrast, examination of the faster-sedimenting peak fractions in sucrose gradients from M1-D cells revealed fields of pentamer-like structures amid lipid debris (denoted by asterisks) that precluded obtaining a flat monolayer of these structures (Fig. 4C) . These structures had a diameter of 11.47 Ϯ 0.70 nm, approximating that of pentamers (Fig. 4D) . Patches of net hydrophobic surface charge of BeAn pentamers that are buried in assembled virions may promote aggregation of pentamers with lipid debris (Fig. 5F ). Thus, in infected M1-D cells, virions that had been assembled but with incomplete cleavage of VP0 were disassembled into more hydrophobic pentamers, enabling formation of pentamer-lipid debris aggregates in sucrose gradients, accounting for the faster-sedimenting radioactive peak. , and VP3 were present in protomers and pentamers. VP0 was largely uncleaved in assembly intermediates, although minor amounts of VP2 and VP4 were seen; note that VP1 and VP2 almost comigrate in 12% polyacrylamide gels.
Infectivity of virion and faster-sedimenting peaks. Measurement of viral infectivity by plaque assay and calculation of the number of virus particles (OD 260/280 ) in the 160S and faster-sedimenting peaks enabled determination of the physical particle/ PFU ratio. Previously, Hertzler et al. (15) found that the physical particle/PFU ratio of BeAn virus grown in BHK-21 cells was 3.1 ϫ 10 3 . In the present study, we found that the ratio of the 160S virion peak from infected BHK-21 cells was 1. Table  1 ). The faster-sedimenting peak first observed at 11 h had a physical particle/PFU ratio of 0.8 ϫ 10 4 (fractions 8 and 9), or ϳ6-fold less than that of the 160S peak, and at 12 to 24 h p.i. the ratio was ϳ160-fold less than that of the 160S peak, or approximately that of selected nonpeak fractions (Table 1) . Together with the EM data, this result suggests that 160S virions with incomplete VP0 cleavage were disassembled over time p.i., followed by the appearance of protomer-like structures in the context of apoptotic cell death.
Prediction of caspase cleavage sites in virions. Algorithms predicting cleavage sites within proteins by cysteine-dependent aspartate-directed proteases (20) (21) (22) pointed to three potential cleavage sites exposed on the surface of the BeAn virion, which are shown in white on a background of blue (VP1), green (VP2), or red (VP3) in Fig. 5 . These cleavage sites included VP1 residue 158 and VP3 residue 185, which could give rise to 13-, 17-, and 20-kDa peptides, as well as at VP1 residue 268 (Fig. 5B and C) . VP1 residue 268 is near the C terminus, and the BeAn VP1 C terminus was disordered in the atomic structure (18) . The closely related Mengo virus C terminus was similarly disordered beyond residue 260 (23); however, weak density for residues 260 to 271 was later found in a refined Mengo virus structure (24) , which is on the side of the receptor binding depression (pit) adjacent to neighboring VP1 (Fig. 5D, arrow) . Based on analogy with the refined Mengo virus structure, a predicted cysteine-dependent aspartate-directed protease site is likely to be present in the BeAn VP1 C terminus but would give rise to only an 8-kDa product.
Thirteen-and seventeen-kilodalton peptide fragments derived from capsid proteins. As shown in Fig. 1E, [ 35 S]Met-labeled BeAn virus proteins in infected M1-D cells were examined in pulse-chase experiments, but lower-molecular-mass peptide bands below VP3 (Ͻ23-kDa), indicative of virus capsid protein fragments, were not detected. Therefore, SDS-PAGE immunoblots of infected M1-D cell extracts were developed using polyclonal rabbit anti-BeAn antisera that primarily detect products of the P1-capsid region of the genome. Peptides of 13 and 17 kDa were seen on overexposure of the autoradiographs at 6 to 8 h p.i. and 10 h p.i., respectively, and both bands increased in intensity over time p.i. (Fig. 6A) . Lower-molecular-mass peptides were not observed in immunoblots of infected BHK-21 cells (Fig. 6B) . VP3 was only faintly recognized by the polyclonal antisera raised by injecting rabbits with CsCl 2 -purified BeAn virus compared to VP1 and VP2, suggesting that VP3 antigenic sites are not as accessible on the virion surface.
Both 13-and 17-kDa peptides but not a 20-kDa peptide were also detected when virus proteins were radiolabeled in M1-D cells at 5 h p.i. and chased for 15 h with longer exposure of autoradiograms (Fig. 6C, lanes 5 and 6, lower autoradiogram) . Only the 17-kDa band was significantly reduced in intensity by densitometric analysis when infected cells were grown and radiolabeled in the presence of 10 M qVD-OPh, a pancaspase inhibitor (Fig. 6C , lanes 5 and 6, and D), indicating that it was the result of apoptosis. However, there was a trend toward reduction of the 13-kDa band; also note that lysates were immunoprecipitated with a polyclonal antibody that detects primarily BeAn capsid proteins but that all parts of VP1 may not be equivalently recognized. In the analysis (n ϭ 3 experiments), the 17-and 13-kDa band values were 16.82 Ϯ 3.23 and 7.07 Ϯ 4.94, respectively, relative to VP3 set at 100. In the presence of qVD-OPh, the values were 6.55 Ϯ 4.28 and 5.26 Ϯ 5.64, respectively; only reduction of the 17-kDa band was significant (P ϭ 0.02). Both peptides were faintly seen in infected BHK-21 cells, but there was no apparent difference in the intensity of the bands in the 7-h and 15-h chases when the infections contained buffer alone or qVD-OPh (Fig. 6E, lanes 5 and 6) . A comparison with the lower-molecular-mass bands in M1-D cells (Fig. 6C, lane 5) is shown in Fig. 6F, lane 3 .
To confirm the presence of the 13-and 17-kDa peptides in infected cells, lysates were obtained at 15 to 20 h p.i. for SDS-PAGE and LC-MS/MS. Since protein bands were not detected by silver staining, the area between ϳ10 and 23 kDa was excised from gels, and tryptic peptides that mapped within the predicted two VP1 cleavage products (shown in Fig. 5 ) were identified by LC-MS/MS in both M1-D and BHK-21 cells. Although slightly Ͼ80% of cell death in BeAn virus-infected BHK-21 cells is from necroptosis, 16% of cells died by apoptosis (11) . This may explain the detection of tryptic peptides in both infected cell lysates; however, the method used for LC-MS/MS was not quantitative. These results are nonetheless consistent with caspase cleavage of VP1 late in infected M1-D cells as a result of apoptosis that gave rise to these lower-molecular-mass peptides.
Cleavage of BeAn virions in vitro by caspase-3 produces 13-and 17-kDa peptides and an increased physical particle/PFU ratio. The effect of incubating purified radiolabeled BeAn virions with active recombinant caspase-3 was initially assessed by SDS-PAGE and autoradiography. Since a major impact on virus titers during infection occurred after 10 to 12 h p.i., when caspase-3 had been cleaved to its active form (Fig. 1G) (10) , caspase-3 (concen- trations were determined in preliminary experiments) was used in in vitro experiments at a concentration of 10 U as reported for similar in vitro studies with nonenveloped viruses (25, 26) . However, the question still remains whether these concentrations are in fact physiologic. As shown in the autoradiograph in Fig. 6F , 13-and 17-kDa low-intensity peptide bands were seen after incubation for 1 h with 10 U of caspase-3. It should be noted that a fainter background band of 17 kDa was seen with buffer alone (lane 1), but a similarly migrating and stronger band was seen after incubation with caspase-3 (lane 2). Both 13-and 17-kDa bands aligned with the same lower-molecular-mass peptides from the 15-h postchase sample shown in Fig. 6C (lane 5) that was run in the same gel with the in vitro samples in Fig. 6F , lane 3. Because of the submolar concentration of capsid fragment bands, they are only faintly seen even after prolonged exposure to X-ray film. These results support the in vivo results that BeAn virus capsid proteins are cleaved by caspase-3 into 13-and 17-kDa peptides.
To further test for proteolysis by caspase-3, BeAn virus purified from infected BHK-21 or M1-D cells was incubated with cytosolic extracts of infected M1-D cells or 10 U of active recombinant caspase-3, and the physical particle/PFU ratios were determined. Incubation of infected M1-D cytosolic extracts with purified BeAn virus (of either cell origin) for 1 h at 37°C induced a modest (Ͻ2-fold) decrease in the physical particle/PFU ratio (P Ͻ 0.02 to not significant) (not shown), while incubation with 10 U of caspase-3 resulted in an ϳ3-to 7-fold decrease in the ratio (P Ͻ 0.001) ( Table 2 ). These results indicate that incubation of BeAn virions with caspase-3 or with M1-D cell extracts containing caspases in vitro reduces virus infectivity.
DISCUSSION
In the present study, we found that after BeAn virus entry and uncoating in M1-D macrophages, which undergo apoptosis resulting in restricted virus yields, the early steps (3 to 10 h p.i.) in the virus life cycle, i.e., virus RNA replication, translation, polyprotein processing into final protein products, and assembly into protomers and pentamers, were similar to those in BHK-21 cells, which undergo necroptosis with productive virus yields ( Fig. 1  and 2 ). This suggested that the early steps in the virus life cycle in M1-D cells were not impacted by apoptosis, which begins at ϳ8 h p.i. based on caspase-3 cleavage to it active form (Fig. 1G) . However, our results indicate that after 10 h p.i., virions in which VP0 may have been incompletely cleaved were subsequently disassembled into protomer-like structures ( Fig. 3 and 4) . The evidence suggests that predicted Asp sites in VP1 exposed on the virion surface were cleaved by caspases contemporaneously with apoptosis in association with loss of virus yields (Fig. 1, 5 and 6 ) (10). This would also be consistent with the detection of 13-and 17-kDa capsid peptides by immunoblotting and radiolabeled pulse-chase experiments that preferentially identify P1-capsid products (Fig.  6 ). Since this same profile of apoptosis resulting in restricted virus yields has been observed in six other murine macrophage cell lines and in thioglycolate-stimulated peritoneal macrophages, the same mechanism of virion disassembly likely applies; however, this remain to be determined (27, 28) .
Because of the compact nature of picornavirus particles, it is difficult to envision mature particles being disassembled into protomers or pentamers; however, BeAn virions from infected M1-D macrophages may not be perfectly "mature" morphologically, because VP0 was incompletely cleaved into VP2 and VP4 at 12 h p.i. (Fig. 3I and 4) . Thus, we are uncertain of the exact nature of the BeAn virions produced in M1-D cells. Nonetheless, the particles sedimented at 160S in sucrose gradients, had an EM profile of mostly full particles, and had a physical particle/PFU ratio of ϳ10 3 , all characteristics of mature picornavirions ( Fig. 3I ; Table  2 ). Whether perturbation of residues VP1 158 and VP3 185 on the virion surface, predicted by algorithms as caspase cleavage sites in the present study, would actually affect virion stability or promote its disassembly remains to be determined. Recently, Koromyslova and Hansman (29), using X-ray crystallography, reported that nanobody binding to an occluded region on a protruding (P) domain of human norovirus caused the particle to disassemble in vitro. Although occluded on intact particles, this region in P was accessible in other binding studies of virus-like particles (29) . Noroviruses and picornaviruses are both spherical, nonenveloped viruses with icosahedral symmetry; however, their structures are quite different. Nonetheless, this report provides another example of a nonenveloped virus being disassembled by an external event, such as apoptosis.
Picornaviruses are composed of 60 copies each of four capsid proteins. Cleavage of a single copy of a capsid protein may be sufficient to render a virion noninfectious, analogous to the effect of dominant negative mutations in the poliovirus capsid selected by ribavirin resistance, which function as high-order oligomers (30) . This might explain the loss of BeAn virus yields from apoptosis and the detection of only submolar amounts of capsid protein fragments observed in our experiments (9, 10) . Finally, while the disassembly of BeAn virions by caspase cleavages might occur in the extracellular spaces as the result of cell death and release of caspases and virions, Ͼ90% of infectious virus produced during infections by low-neurovirulence TMEV has been shown to be cell associated (31) . This was also revealed by EM analysis showing that throughout the cytoplasm of infected cells, unique membranous structures consisting of two membrane units enclosed a layer of virions one particle deep; virus also did not appear to be freely released upon cell lysis, but extracellular virions rather were associated with the same membranous structure (31) . Thus, it seems more likely that caspase cleavages occur after virion assembly but before association with cellular membranes but not after virions are released into the extracellular spaces.
Targeting of structural virus proteins for destruction by the host cell machinery after the development of apoptosis has been reported for several other cytolytic virus infections. Zhirnov et al. (32) showed that the nucleoprotein (N) of human influenza viruses A and B were cleaved by caspases in infected cells at a late stage of infection, with the removal of a 3-kDa peptide from the N terminus. Similarly, Eleouet et al. (33) found that the N protein of transmissible gastroenteritis coronavirus underwent proteolysis in parallel with activation of caspases within the host cell, which was inhibited by mutation of the cleavage site (VVPD 359 ) and recapitulated in vitro by incubation of cell lysates containing the N protein with recombinant caspase-6 and -7. Truncated forms of the capsid protein have been associated with feline calicivirus (FCV) (34) , rabbit hemorrhagic disease virus (35) , and Norwalk virus (36) infections. The FCV capsid protein was shown to be cleaved in vitro by caspase-2, generating a 40-kDa fragment (26) . The consensus of these reports was that the identified cleavages affected particle assembly. The capsid proteins VP1/VP2 of the parvovirus Aleutian mink disease virus (AMDV) induced caspase-7 activation in infected Crandell feline kidney cells, leading to cleavage of the capsid proteins specifically at Asp 420 (DLLD 420 ). Both AMDV capsid proteins are identical in sequence except that VP2 lacks the ϳ4-kDa N-terminal sequence present in VP1 (37) . Additional in vitro experiments indicated that cleavage of the capsid proteins attenuated virus yields, suggesting a role for apoptosis in AMDV persistence in mink (37) . The effect of caspases on nonstructural virus proteins has recently been reviewed (38) . However, to our knowledge, there are no previous reports in the literature in which apoptosis resulted in cleavage of capsid proteins after their assembly into virions.
